Space charge and reactive wall impedance create longitudinal forces inside the bunch which change the incoherent phase oscillation frequency, the bunch length and the size of the RF-bucket. These effects have been investigated with bunched beams in the ISR. By measuring the shift of the quadrupole mode phase oscillation frequency, the strength of the self-forces was determined. The inductive wall is dominant and its impedance (divided by the mode number) was measured to be |Z|/n z 26 Ohms. An increase of bunch length with current was measured. It can be explained by the inductive impedance up to a certain current; beyond that an excessive, unexplained bunch lengthening occurs.
Space charge and reactive wall impedance create longitudinal forces inside the bunch which change the incoherent phase oscillation frequency, the bunch length and the size of the RF-bucket. These effects have been investigated with bunched beams in the ISR. By measuring the shift of the quadrupole mode phase oscillation frequency, the strength of the self-forces was determined. The inductive wall is dominant and its impedance (divided by the mode number) was measured to be |Z|/n z 26 Ohms. An increase of bunch length with current was measured. It can be explained by the inductive impedance up to a certain current; beyond that an excessive, unexplained bunch lengthening occurs.
The reduction of the bucket size affects the stacking process. By correcting for it, an increased density of the stacked beam was achieved. Ez = -e az [4 g0 dz (1) where go is the well known coupling coefficient. for a circular beam of radius a in a circular pipe of radius b this coefficient is go = 1 + 2 kn(b/a). In the general case, where there is no circular symmetry, the situation is more complicated, but the properties of the wall can always be described by a coupling coefficient go and an inductance per unit length dL/dz which is seen by the bem.
Integrating the longitudinal field Ez(l) over the circumference 2TR of the machine gives the voltage Uz per turn, seen by a particle which is at a distance z from the bunch centre [j2-y2 InZI) (4) where fso is the frequency in the absence of self-forces. fig. 3 . From the slope we can determine the "effective" impedance in the square brackets of (5) Zeff /g0_z n 28y2 |nzi (6) time after injection 1.2 ST S*C.
1.3
The measurement shows clearly a decrease of the quadrupole mode frequency with increasin! current. Since we are above transition energy, this indicates that the inductive impedance is dominant. Similar measurements have been carried out at SPEAR 8). To
Using equation (4) 
(7)
We measured the bunch length in the ISR as a function of current. The bunches were injected from the PS with full intensity. The current was reduced to the desired value in the ISR right after injection by means of a vertical scraper. To check the method, we first measured the bunch length immediately after scraping before the self-forces could establish a new bunch length. Next we measured the bunch length after RFmatching when the final length was established. The results are plotted in fig. 7 and show a clear increase of the bunch length with current. The dashed curve gives the expected bunch lengthening (7) due to the self-forces. The free parameter QO in equation (7) was determined by fitting this equation through the points with I < 100 mA. As fig. 7 shows, the observed bunch lengthening can be explained rather well by the selfforces up to a current of about 140 mA. Beyond this current an unexplained additional increase of the bunch length occurs. Here 01 and 02 are the maximum and minimum phase angles of the RF-bucket.
The case of an injected current with finite phase space density is more complicated. The maximum current which can be kept bunched by a given voltage depends now also on this density and the line density distribution. We tried to measure this current in the ISR. A beam of 133 mA and of known phase space density was injected. The RF-voltage was then adiabatically reduced to a final value. All the excessive current was spilled out of the bucket in this process. The current in the final bucket was accelerated away from the spill out and measured. It is plotted in fig. 7 as a function of the final RF-voltage. The area, the final bucket would have in the absence of self-forces, is shown too on the abscisse. Fig. 7 shows also the current expected for the ISR inductive wall impedance and for the case of no self-forces. Comparison with the measured points indicates some unexpected loss of current, probably the result of a dilution in phase space density. We found before ( fig. 6) During reduction of the RF-voltage some current is spilled out of the bucket. A second, slow spill-out has been observed during the acceleration in the final bucket. This can be explained qualitatively by the wall inductance. As long as the bunch is surrounded by the spilled out current, the wall "sees" a smaller derivatlve ax/az of the line density and the self-forces are reduced. When the bunches are accelerated away from, this spill-out the self-forces increase thereby causing a reduction of the bucket size and more current is spilled -out. The final condition is reached when all the spill-out is left behind. The current contained in the final bucket is proportional to the product of the reduced bucket area and the longitudinal density.
In the ISR stacking is performed in momentum space starting at the top. The difference between the momenta at which successive pulses are stacked is calculated from the bucket area. Consequently if self-forces are ignored, the difference will be too large and the resulting density of the stack will be reduced.
During stacking the accelerated pulses may traverse a low density tail of the stack caused e.g. by spill-out.
During this traversal the self-forces are reduced and the bucket area increases. Low density beam moves into the growing bucket and may be deposited on the final orbit. The resulting stack density is reduced by this process.
Stacking tests have been performed where the voltage reduction and final acceleration took place within a medium density current stacked before. The later pulses consequently suffer less dilution and build up some high density stack. (The medium density part could be scraped away if it is not anyway driven out of the aperture). Using this technique the maximum stack density was increased by about 40%. At 26 GeV a density of over 0.8A/mm (1560 A/PT was achieved. This is still smaller than the maximum attainable density but sufficient to produce more than 48 A of circulating current in the ISR, a value already significantly higher than the current limitation set by other phenomena.
